Pockmarks are indicators of focused fluid seepage, most notably gas such as methane, and can occur in vast numbers in many marine and even in lacustrine environments. The presence and distribution of pockmarks need to be considered in the development of any infrastructure at the seabed. However, manual mapping of these features can be extremely timeconsuming and it is implicitly subjective. An extensive area in the central North Sea, where the seabed comprises a thick sequence of muds and sandy muds of the late glacial Witch Ground Formation, shows numerous inactive pockmarks, typically 20-100 m diameter and 3-4 m deep. Within this area a few larger, active pockmarks, 500 m diameter and up to 17 m deep are known. Modern site investigations in this area regularly include multibeam sonar mapping, a technique that collects large volumes of bathymetric data that can be used to produce digital depth models of the seafloor with sufficient resolution to characterize individual pockmarks. This paper presents a semi-automated method to recognize, spatially delineate and characterise morphometrically pockmarks at the seabed. The method comprises two scripts, Pockmark Mapping and Pockmark Characterization, that allow the systematic application of a sequence of well defined tools available within the ESRI ArcGIS toolbox. Almost 4150 pockmarks were mapped applying this method to 18 selected site surveys across the central North Sea. The mapping and morphometric characterization of such vast number of pockmarks allows the identification of certain trends reflecting the hydrodynamic regime, whereas the pockmarks density and spatial distribution appears to be attributable to differences in shallow gas availability and deeper geology controlling fluid migration pathways.
INTRODUCTION
Pockmarks were first reported by King and Maclean (1970) offshore Nova Scotia, Canada. They suggested that gas and/or water from the underlying bedrock was released in sufficient quantities to put fine grained material into suspension where it can drift away from venting point thereby forming a void or pockmark in the seabed sediments. Since then pockmarks have been found within lakes and estuaries, on open shelves and in deep oceans. Within the UK, pockmarks were first discovered in 1970 by a rig site survey in the Forties Field in the North Sea. This area, the Witch Ground Basin, is the primary location of pockmarks on the UK continental shelf (Hovland and Judd, 1988) . As well as being identified on the surface, buried pockmarks close to seabed have also been noted in the Witch Ground area. It is thought that the buried pockmarks formed during a short period of increased pockmark eruption frequency around 13,000 years ago, coinciding with a rapid rise in marine temperatures (Long, 1992) . Pockmarks within the UK are typically 100 m diameter and a few metres deep and are usually restricted to muddy sediments. Only a few are larger with diameters greater than 250 m and depths greater than 10 m. These larger pockmarks show signs of active gas seepage such as bubbles in the water column above and acoustic blanking below in seismic profiles. They often also show evidence of carbonate cementation of the seafloor (Hovland and Judd, 1988) which can create a distinct seabed habitat and some have been nominated for protection under the European Habitats Directive (JNCC, 2011) . These carbonates, methane derived authigenic carbonate (MDAC), are formed when methane is oxidized anaerobically by a microbial consortium of archaea and sulphate reducing bacteria (Boetius et al., 2000) . Grains of the normal seafloor sediments are bound by carbonate cement (typically CaCO 3 ) where the carbon is derived from the methane.
POCKMARK MAPPING
Profiling data such as echosounder or high resolution seismic (chirp, boomer and sparker) will display pockmarks on the seabed as v-shaped notches. The later may also depict buried pockmarks. This data indicates their presence but does not give information on their size as profiles through the centre of a pockmark will differ significantly from a profile that only clips the edge of the depression. Therefore these data cannot be used for the morphological characterisation of pockmark for comparative purposes. Additionally, due to the spacing of profile data, estimates of pockmark density have a large degree of uncertainty. Data sets such as sidescan sonar or multibeam echosounder that display the seafloor allow an indication of pockmark size and density, allowing comparisons in pockmark geometry to be made. However manual mapping of these features can be extremely time-consuming and it is implicitly subjective and any analysis of such data is vulnerable to error by the interpreter. In addition sidescan sonar mapping and the recognition of pockmarks can be dependent on the incident angle. There have been attempts to automatically map sidescan features by examining the colour on analogue records (Linnet et al., 1991) . However, as such data sets have been acquired digitally over the last decade, they offer an opportunity for the development better automated mapping methods that provide a greater consistency and minimise interpretation errors (Andrews et al., 2010) .
Regional geological setting
The central North Sea has been the location of UK pockmarks studies since the 1970s (McQuillin and Fannin, 1979) . The Fladen Ground or Witch Ground Basin is an extensive area of muds reaching water depths greater than 150 m. It was a depocentre for fine grained sedimentation during deglaciation when locally in excess of 30 m of Witch Ground Formation sediments were deposited very rapidly creating a thick sequence of very soft muds. Acoustic blanking is evident in the shallow section below the Witch Ground Formation, suggesting shallow gas is trapped at selected horizons within the Quaternary sequence (Andrews et al., 1990) ; such accumulations support the hypothesis that the pockmarks were form by gas escape. The basin shallows to about 120 m water depth where the seabed sediments are sandy muds and locally muddy sands. The area has been well studied as it is the location of many of the earliest hydrocarbon discoveries on the UKCS including Forties, Tartan and Britannia (Judd, 2001) .
Data

Multibeam data sets
The British Geological Survey (BGS) has gathered various multibeam data sets over the last decade from the central North Sea (Fig. 1 ). These include data collected for the Department of Trade and Industry's (now DECC) Strategic Environment Assessment programme (SEA programme; www.offshore-sea.org.uk). The second part of this programme (SEA2) included the central North Sea and in 2001 a series of blocks of multibeam were collected by OSAE (now Fugro), onboard the R/V Kommander Jack, over target areas selected as possible sites of large and active pockmarks reported in various site surveys. The SEA2 survey used a Simrad EM1002 and the data was processed to produce a xyz volume with 2 m spacing (Judd, 2001) .
FIGURE 1 Location map of the 18 multi-beam data sets used during this study. See Table 1 for more information on individual survey areas.
During the last 10 years, many operators have commissioned multibeam surveys as part of site surveys for exploration wells. BGS has sought copies of these data to place in a national archive of offshore data. This information is used by BGS to supplement its own data to update maps of the seafloor. Table 1 shows a description of data sets used in this study, whose resolution range from 1 to 10 metres. All the xyz data sets were transformed into ESRI ArcGIS grids that were the basis for the pockmarks identification and subsequent analyses. These threshold values can be estimated by trial and error and can be changed for each DDM. Visual assessment of the areas delineated by the first script should allow the user to verify if the threshold values were correctly chosen. The choice of the most appropriate threshold values for each DDM will decide the accuracy of the final output. However, accuracy of the output will always depend on the quality of the input data i.e., the resolution of the original DDM.
Pockmark Mapping Script
Figure 2 Diagram showing the location of the overflow point.
Pockmarks Identification
We consider a pockmark as a confined depression in a DDM, therefore it is possible to employ hydrological algorithms developed to identify sinks on digital elevation models. Sinks, in this context, are cells with an undefined drainage direction since no cells surrounding it are lower. The "Fill" tool, based on such hydrological algorithms, defines what would be the lowest elevation on the rim of a sink depression (i.e., the overflow point if the depression was being filled) and replaces the depth value of all the cells lower than the overflow point by its value (Fig. 2) . Figure 3 shows the sequence of steps within the Pockmark Mapping Script. The first step of this script (step 1.1) is the application of the "Fill" tool to the given bathymetric data set. The new surface created is then subtracted from the original DDM using the "Minus" tool (step 1.2). That surface will only present values different from zero for the confined depressions.
Pockmark delineation
The raster resulting from step 1.2 is in step 1.3 ( Fig. 3 ) reclassified into two classes ("0" and "1"), where all values higher than the Minimum Depth threshold (0.5 metres for these study areas) will belong to class "1" and all values lower Minimum Depth threshold will belong to class "0". These value changes are saved to a new output raster that is transformed, using the "Raster to Polygon" tool, into a polygon shapefile.
Polygon selection
Small irregularities on the seabed or artefacts on the data can create areas that may be mistakenly delineated as pockmarks. Establishing both Minimum Area and Minimum Area/Perimeter Ratio minimises that, since very small polygons or polygons with a small ratio are more likely to be spurious pockmarks or artefacts whilst polygons with a large ratio are more likely to be real pockmarks. Polygons with an area/perimeter ratio lower than the set value for the Area/Perimeter Ratio and/or with an area smaller than Minimum Area threshold are automatically deleted in step 1.4 (Fig. 3 ). We applied a threshold of 100 square metres for Minimum Area and 4.5 metres for Area/ Perimeter Ratio.
Define polygons outline
The polygons' outlines are progressively changed in steps 1.5 and 1.6 (Fig. 3) , so that the geometry of the delineated features will approximate to the characteristic shape of the pockmarks at seabed. In step 1.5, a buffer is applied to the polygons created at step 1.3 to compensate for the fact that the delineation process was based on the internal contour line corresponding to the Minimum Depth threshold. The Buffer Distance should reflect approximately the distance, in plan-view, from the internal contour line delineated to the actual rim of the pockmark. A Buffer Distance of 7.5 metres was applied based on the average slope and size of the pockmarks within the various study areas. The buffer polygons are then "merged" and "dissolved" to create a new polygon shapefile that will be "simplified" and "smoothed" at step 1.6. This last step is especially important for the cases when the data was acquired during rough weather, and which may lead to artefacts in the data set that will generate polygons with irregular outline.
Extract Pockmark Depth
The depth value of each pockmark is extracted in step 1.7 from the raster resulting from step 1.2 by using the "Extract by mask", "Raster to point" and "Spatial Join" tools. These values are added to the attribute table of the shapefile created at 1.6 (Fig. 3 ). This will be the final result of the first script, a shapefile delineating the pockmarks at seabed with an attribute table that compiles a) Area (in square metres), b) Perimeter (in metres), c) Area/ Perimeter Ratio and d) Pockmark Depth (in metres).
Visual assessment and manual editing
Once the shapefile delineating the pockmarks was obtain for each study area, it was visually assessed. Visual assessment of the polygons comprised overlaying the generated shapefile on to either the original bathymetric data or the derived surfaces, such as the slope map. This can help the user to decide if the acquired mapping results are satisfactory and to decide if it is necessary to manually edit sporadic polygons that were inaccurately mapped or to add pockmarks that were missed by the automated methods. With the appropriate threshold values, the number of polygons that require manual editing should never exceed 10% of total number of pockmarks delineated by the first script. If the percentage of polygons requiring manual editing is higher, then it may be convenient to redefine the threshold values initially chosen and to re-run the Pockmarks Mapping Script (Fig. 3) . However, most of the study areas did not require such a level of manual editing nor the redefinition of the threshold values. Manual editing is usually required mainly for the following two reasons: the location of the pockmark relative to the study area edges and the spatial proximity of several pockmarks. Pockmarks at the periphery of the data set may not be considered as enclosed depressions by the Pockmark Mapping Script, and therefore they may a) not be delineated or b) be delineated but having underestimated areas and depths. Additionally, adjacent pockmarks can be delineated as a single feature, if a marked ridge between the two pockmarks is absent. In these situations, it will be necessary to use the editing tools within ArcGIS to manually add, correct or split delineated polygons. If there are too many multiple pockmarks that are delineated as one, the threshold value for Minimum Depth should be increased.
Pockmark Characterization Script
Recalculate attribute table After manually editing the outline of some of the pockmark polygons, the shape of the polygons will have changed but the attribute table will still be the same, therefore the information on it may be partially incorrect. Therefore, the first step of the second script (step 2.1, on Fig. 4) 
Extract Water Depth information
On step 2.2 (Fig. 4 ) the deepest value within each pockmark is extracted directly from the original DDM, using "Extract by mask", "Raster to point" and "Spatial Join" tools as described to the extraction of the Pockmark Depth values. This value is referred to here as the Maximum Water Depth (or MaxWD) and is added to the attribute table. The Minimum Water Depth (MinWD) is calculated by subtracting the Pockmark Depth (d) of the pockmark from the MaxWD (Fig. 5) . In this way the MinWD values are not affected by the final shape of the pockmark polygons but will always reflect the water depth of the "pouring point" defined by the "Fill" tool. This is useful as it gives consistent water depth for adjacent pockmarks after manual splitting. Note, it is impossible to automatically extract accurate d values, and therefore accurate MinWD values, for the pockmarks at the periphery of the data set as the "pouring point" will be define for the incomplete morphology of the pockmark.
Extract Slope information
On step 2.3 (Fig. 4) the "Extract by mask", "Raster to point" and "Spatial Join" tools are once again applied, this time to extract both maximum slope (MaxSlope) and mean slope (MeanSlope) for each pockmark. Hovland et al. (2002) identified six morphological classes of pockmarks: 1) unit pockmarks, 2) 'normal' (regular and asymmetric) pockmarks, 3) elongated pockmarks, 4) 'eyed' pockmarks, 5) 'strings' pockmarks, and 6) 'complex' pockmarks. According to these authors 'normal' pockmarks are circular depressions and often this class is assumed in pockmark studies. However, within this study area most pockmarks are not circular but fit within the 'Elongated' pockmark class (Hovland et al., 2002) . They are depressions where one axis is much longer than the other and are often asymmetric in profile. These divergences from circular are attributes that can be determined for each pockmark from the multibeam data sets and used to characterise the pockmark morphology. To assess their eccentricity we use an ArcScript called Polygon Diameter Azimuth Tool, developed by Brundage (2006) , that finds the polygons' major-axis and measures its azimuth and length. The azimuth is measured clockwise from North and the major-axis length is measured in metres. This information is then added to two new fields (Azimuth and MajorAxisLength) in the attribute table (step 2.4, on Fig. 4 ).
Shape characterisation
FINAL OUTCOMES
At the end of Pockmark Characterization Script the user will have three shapefiles that describe the delineated pockmarks: 1) a polygon shapefile that shows the pockmark, 2) a point shapefile that shows the centre of the pockmark outline, and 3) a point shapefile that shows the position of the deepest cell within the pockmark (Fig. 6) 
CONSIDERATIONS
Although the threshold values are set independently there is a certain degree of "interaction". For example, by increasing the Minimum Area threshold the minimum depth for mapped pockmarks also increases, without changes in the value for Minimum Depth threshold. The area delineated for a 70 cm deep pockmark, using pockmark depth threshold of 50 cm, will probably be smaller than the threshold set for minimal area (normally set to 100 m 2 ). Therefore, most 70 cm deep pockmarks would not actually be mapped with this method whereas pockmarks deeper than 100 cm will probably all be mapped (Fig. 7) . By reducing the value of the Minimum Area threshold the shallower pockmarks will be mapped, thereby indirectly reducing the minimum pockmark depth without changing the Minimum Depth threshold. To validate and assess the method's accuracy the location and shape of pockmarks delineated using this method from one of the survey areas was compare to the pockmarks previously mapped manually and given in its associated site survey report. This method indentified 63 pockmarks, 6 of which had not been identified manually. The shape of the largest pockmarks matched almost exactly between both mapping exercises. The greatest differences were present on the smallest pockmarks especially those with an area smaller than a 1000 m 2 . Usually these pockmarks had their area underestimated when manually picked. This could reflect the tendency of the interpreter to zoom in to the DDM to map smaller pockmarks. This comparative exercise highlights the subjectivity inherent to the visual identification and manual mapping of pockmarks.
RESULTS
Using the scripts described above, 4146 pockmarks were mapped and morphometrically characterised within a tiny fraction of the time required to do such a task manually. Descriptive measurements for each of the survey areas are summarized in Table 2 . With 860 pockmarks, SEA2 Box 2 was the survey site where the highest number of pockmarks was found. However, the highest pockmark density occurs within the survey site Roisin, with a pockmark density of almost 30 pockmarks per square kilometre (Table 2 and Fig. 8 ). The survey site with the highest average pockmark area is the SEA2 Box 3. Whereas the largest pockmarks mapped were in SEA2 Box 4, where there are five pockmarks deeper than 12 metres (one of them reaching almost 18 metres depth). These unusually large pockmarks, in UK licence block 15/25, have long been known as sites of active seepage (Hovland and Sommerville, 1985; Dando et al., 1991; Judd et al., 1994) and have recently been submitted as a candidate Special Area of Conservation (cSAC) under the European Habitats Directive (JNCC, 2011). They are important sites, as methane-derived authigenic carbonate is formed by the anaerobic oxidation of escaping methane, cementing the grains of sediment just below the seabed which can become exposed by subsequent pockmark activity forming a hard substrate that can attract a diverse fauna. Extensive mats of the sulphide oxidizing bacteria Beggiatoa spp. are also present. The cSAC includes the large pockmarks termed "Scanner" and "Scotia" in the south of the SEA2 Box 4 study area but not the large pockmark to the northeast termed "Challenger" (see Fig 2. 39 in Judd and Hovland, 2007) . They were named by Judd et al. (1994) before it was realised that both Scanner and Scotia each comprised two individual depressions as was also shown in this study. Because of the very large size of these pockmarks, in particular their depth, their morphology may partially reflect the underlying geology and changes in the physical properties of the sediments with depth (Judd et al., 1994) , so their attributes may differ from those of other (inactive) pockmarks across the Witch Ground Basin.
Although this mapping method delivered robust results for most areas, it was strongly affected by the resolution of the bathymetric data. The lower resolution of the data from Rob Roy, a 10 m grid, prevented the correct identification and delineation of the pockmarks at seabed. That can be detected by visual assessment or by comparing the pockmark density of the adjacent survey site, Ivanhoe, which has a pockmark density of 13.8 pockmarks per km 2 , whereas the pockmark density within the Rob Roy area is only 4.81 (Table 2 and Fig. 8 ). This abrupt reduction of pockmark occurrence between these adjacent study areas does not appear to be controlled by: 1) marked changes of underlying geology, 2) distinct fluid flux or 3) variation on the nature of the seabed sediments, and can only be justified by the inability of the method to account for all the pockmarks actually present at the seabed due to the lower resolution of the Rob Roy survey data. The lower resolution also affected the morphometric characterisation of the pockmarks. This is evident by comparing the distribution trends of the pockmarks from the other survey areas and the pockmarks from the Rob Roy survey area. Figure 9 shows the relation between pockmark Area and pockmark Depth for all the pockmarks mapped. The trendline for all the survey areas follows within the area marked in grey and referred to as trendline range and show high correlation coefficients values (R 2 ≈ 0.85),
with the exception of the trendline for the Rob Roy survey site.
FIGURE 9 Relation between pockmark Area and Depth (d) for the 4146 pockmarks mapped. Note the logarithmic horizontal scale used for the Area axis. Orange line shows power trendline for the pockmarks mapped on the Rob Roy survey area, whereas the grey area shows the range of the power trendlines for all the other survey areas. Andrews et al. (2010) , while describing the pockmarks present in Belfast Bay, offshore Maine, USA, indicate that larger pockmarks occur in deeper water, however from the data extracted during this work no significant correlation was found between the water depth (MinWD) and the pockmark depth (d). Figure 10 shows the relation between d and MinWD to all the 18 survey sites. Although there are differences related to the geological setting and range of water depths between the central North Sea and offshore Maine, the contrasting values for the strength of correlation between pockmark depth and water depth in both studies almost certainly derives from the fact that the previous authors related the pockmark depth (d) with the depth of the seabed measured at the deepest point within the pockmark (which in this work is refereed as MaxWD) whereas we find that is more appropriated to use the measurements related to the rim of the pockmarks (MinWD).
FIGURE 10 Relation between pockmark depth (d) and the minimum water depth (MinWD) for the 4146 pockmarks delineated.
DISCUSSION
The method presented in this paper creates the possibility to extract morphologic information of a vast number of pockmarks from multiple surveys in a systematic and consistent way. This is a significant improvement to the study of pockmarks, considering that it would be highly unlikely for one or multiple interpreters to maintain the same criteria throughout the laborious process of manually mapping such number of pockmarks, therefore compromising the possibility of doing any valid statistical comparison between pockmark populations.
Frequency
As noted above there are variations in the distribution of pockmarks between the different data sets examined (Table 2 ). This study of the central North Sea shows little variation in the depth of pockmark with water depth (Fig. 10) . However, the density of pockmarks decreases from nearly 30 per km 2 in the centre of the basin where water depths exceed 150 m and the seabed sediment is typically mud, to less than 5 per km 2 on the edge of the basin where water depths are around 120 m and seafloor sediment is muddy sand or sandy mud (Fig. 8) . The thickness of the very soft late glacial sediments within which the pockmarks are developed is greatest in the centre of the basin but thins towards the edge. This trend from the centre to the edge of the basin seems to control the number of pockmarks however they are not reflected in the average area and average depth of the pockmarks. This suggests the controls on the size of the pockmark are factors below the near seabed geology that are basin wide. As the relationship between the area of an individual pockmark and its depth has trendlines for each data set that are similar it suggests there is similarity in the physical properties of the surficial sediments, at least the upper 5 m or so, across the basin. This fits with geological examination of cores across the basin (Andrews et al., 1990) .
Eccentricity
FIGURE 11 Examples of ellipses with different eccentricity values, which can vary between 0 and 1.
Knowing the length of the major axis and the total area (A) of the polygon is sufficient to define the eccentricity (e) of each mapped pockmark. The eccentricity can be defined by the equation 1, where a is the ellipse's major radius, b the ellipse's minor radius and b equals A/(π.a).
(
Examples of ellipses with different eccentricity values are given in Fig. 11 . This parameter can be thought of as a measure of how much a given ellipse deviates from being circular and therefore it allows a comparison between pockmarks of different sizes. The eccentricity of the pockmarks mapped within the different survey sites was calculated and compared. Figure 12 shows the frequency distribution of the 860 pockmarks, mapped within SEA 2 Box 2 survey site, according to their eccentricity value. This type of distribution, with mean value near 0.70 is the most common type of distribution. However, some survey sites present different types of distribution indicating the occurrence of more or less elliptic pockmarks.
Eccentricity of a pockmark will have an orientation that can be described by the azimuth of the longest axis determined by the Polygon Diameter Azimuth Tool (step 2.4, on Fig. 4) . When a pockmark forms through fluid release placing fine sediment into suspension, the subsequent sedimentation of this sediment in suspension will be influenced by the prevailing currents. If there is no current the sediment can be expected to fall back to the seafloor uniformly creating a circular pockmark. However if the sediment is transported by a prevailing current an uneven spatial distribution of the material in suspension can be expected and thus the development of asymmetric pockmarks. The eccentricity orientation is clearly seen on rose diagram plots as having a strong consistency within most data sets and varies from NNE-SSW in the east of the study area to N-S or NNW-SSE in the west and north (Fig. 13) . It can be assumed that this orientation reflects the orientation of the seabed currents at the time of pockmark formation. They are similar to the orientation of currents measured within 15 m of the seafloor recorded by current meters in the last twenty years (Fig. 14) . The fact that there is a strong consistency of orientation within individual data sets implies that either all the pockmarks were formed over a very short period of time or that the modern current regime has been active for a long period of time. Whereas variation in eccentricity values, within one area, may reflect variable lengths of time of venting or changes in current strength during the individual gas seepage events.
It is thought unlikely that modern currents are reshaping the geometry of inactive pockmarks. However it is known that at least one very large pockmark shows evidence of symmetrical partial infilling after initial formation, Scanner in 15/25 (Judd et al., 1994) . But as noted previously the very large pockmarks differ in many respects to the vast number of smaller pockmarks in the Witch Ground Basin and so it may not be possible to extrapolate from such evidence. Additionally, even if generalised reshaping of the pockmarks had occurred, as shown on the boomer profiles from Scanner site, the reshaping would have been by symmetrical partial infilling and thereby the reshaping would not have changed the initial eccentricity. 
